Introduction
Improvement in thermal stability and durability of organic electrolumonescent (EL) devices is a subject of crucial importance for their practical applications for flat panel display.
Highperformance charge-transporting and emitting materials with high glass-transition temperatures (TgS) remain to be developed. Tris(8quinolinolato)aluminum (A1q3) [1] and N,N'-bis(3methylphenyl)-N,N' -diphenyl-[ l , l' -biphenyl] -4,4'diamine (TPD) [2] have been most widely used as an emitting material with electron-transporting property and a hole-transporting material, respectively, for the study of organic EL devices. However, TPD lacks thermal and morphological stability.
Recently, N,N'-di(1-naphthyl)-N,N'diphenyl-[1, 1'-biphenyl]-4,4'-diamine has recently been used as a hole-transporting material in organic EL devices [3] ; however, its thermal stability is not satisfactory, either. Likewise, Alga is not an ideal material for use as an emitting material [4, 5] .
Since the late 1989s, we have performed a series of studies on the creation of low molecularweight organic compounds that readily form stable amorphous glasses, namely, amorphous molecular materials [ 6 -10 ] . We have presented a few concepts, e.g., the incorporation of a rigid moiety such as biphenyl, carbazole, and fluorene groups, for increasing the Tg of amorphous molecular materials [11] [12] [13] [14] [15] . Based on this concept, we have created new amorphous molecular materials with high Tgs, e.g., 4,4',4"-tri(N-carbazolyl)triphenylamine (TCTA) [11, 12] , N,N-di(4biphenylyl)-N,N-diphenyl-[ 1,1'-biphenyl]-4,4'diamine (p-BPD) [13] , N,N-bis [9,9-dimethyl-2-organic elctroluminescent device, glassfluorenyl]-N,N-diphenyl-9,9-dimethylfluoren-2,7diamine (PFFA) [14] , and N,N,N,N-tetrakis (9,9- [14, 15] . Other materials with high Tgs hitherto reported include 4,4',4"-tris(diphenylamino)triphenylamine (TDAPB) and its methyl derivatives [10, 16] , spiro-centered TPD [17] , and TPD derivatives with condenced rings [18] . We report here the creation of further new holetransporting amorphous molecular materials with high Tgs, 4,4',4"-tris[9,9-dimethylfluoren-2-yl-(phneyl)amino]triphenylbenzene (TFAPB), 4,4',4"tris[9,9-dimethylfluoren-2-yl(4-methylphneyl)amino]triphenylbenzene (MTFAPB), and 4,4',4"tris [bis(9,9-dimethylfluoren-2-yl)amino]triphenylbenzene (TBFAPB), and their application in thermally stable organic electrolumonescent devices.
Synthesis
TFAPB was synthesized by the Ullmann reaction of N (9,9-dimethylfluoren-2-yl)aniline with 1,3,5-tris(4-iodophenyl)benzene in mesitylene in the presence of copper powder, potassium carbonate, and 18-crown-6-ether (Yield: 12%). Likewise, MTFAPB was synthesized by the Ullmann reaction of N-(9,9-dimethylfluoren-2-yl)p-toluidine with 1,3,5-tris(4-iodophenyl)benzene (Yield: 12%). TBFAPB was synthesized by the Suzuki coupling reaction of 1,3,5-tribromobenzene with 4-[bis(9,9-dimethylfluoren-2-yl)amino]phenylboronic acid in tetrahydrofuran in the presence of tetrakis(triphenylphosphine)palladium(0) (Yield: 64%). They were purified by silica-gel column chromatography, followed by recrystallization from toluene/hexane, and identified by various spectroscopic methods, spectrometry, and elemental analysis [19] . mass 
Results and Discussion
The new hole-transporting amorphous molecular materials, TFAPB, MTFAPB, and TBFAPB, were found to form stable amorphous glasses.
While TFAPB was obtained as polycrystals by recrystallization from solution, MTFAPB and TBFAPB were obtained as amorphous glasses despite attempted recrystallization from solution. The Ts of TFAPB, MTFAPB, and TBFAPB are 150 °C, 154 °C, and 189 °C, respectively, as determined by differential scanning calorimetry (DSC). Figure 1 shows the DSC curve of TBFAPB. The incorporation of a fluorene moiety into TDAPB raised the Tgs by 50 -80 °C relative to the parent TDAPB family [10] . They form smooth and uniform amorphous films by spin coating. In addition, TFAPB can form amorphous films by vacuum deposition. Figure 2 shows the cyclic voltammogram of TBFAPB.
The anodic oxidation processes of TFAPB, MTFAPB, and TBFAPB were reversible. The half wave oxidation potentials of TFAPB, MTFAPB, and TBFAPB were determined to be 0.61, 0.54, and 0.53 vs Ag/Ag+, respectively. The hole-drift mobility of TFAPB was found to be very high among the organic disordered systems, being 6.4 x 10"3 cm2 V"1 s"1 as determined by the time-of-flight method.
Two multilayer organic EL devices was fabricated using TFAPB and TBFAPB as hole transporters (Figure 3) ; ITOITFATA(300 A)/ TFAPB (200 A)/ Alg3(500 A)IMgAg (device A) and ITO/ TBFAPB(500 A)/ Alg3(500 A)I MgAg (device B), where TFATA is 4,4',4"-tris [9,9- dimethylfluoren-2-yl(phenyl)amino]triphenylamine [14] . The devices emitted green light resulting from Alga.
The devices showed maximum luminances of 15400 and 15300 cd m 2 at 12V, luminance efficiencies of 1.0 and 1.2 lm W"1, and external quantum efficiencies of 0.62 and 0.60 % for devices A and B, respectively. Figure 4 shows the temperature dependencies of the luminance for the devices A and B. Although the luminance of the devices decreased with increasing temperature due to the drop in the fluorescent quantum efficiency of Alga with rising temperature, the devices were found to operate even at 170 °C, retaining a luminance of around 70% and 60% of the initial values at 25 °C for devices A and B, respectively. When the devices I. Photopolym. Sci. Technol., Vol. 15, No.2, 2002 were cooled down to room temperature after being heated to around 170 °C, they worked as before.
Conclusion
New hole-transporting amorphous molecular materials, TFAPB, MTFAPB, and TBFAPB, have been developed. TFAPB, MTFAPB, and TBFAPB exhibit very high glass-transition temperatures of 150 °C, 154 °C, and 189 °C, respectively. These materials permit the fabrication of thermally stable, high-performance organic EL devices. 
